The aim of this study was to extend optimum contribution selection to more realistic breeding schemes with multistage selection. It seems that if the last selection stage accounts for the relationship of the selected animals, then previous selection stages also account for this relationship. An extreme example was considered here: the preselection of dairy bulls that enter a progeny testing scheme. First the penalty on the average relationship in selection step 1 is assumed the same as in step 2. Thereafter, situations with different penalties on the average relationship in the 2 selection steps were analyzed. The simulation started with the generation of prior EBV, which were sampled from a truncated normal distribution. Possible candidates for further progeny testing were selected and progeny test EBV were simulated, where the progeny test was based on 100 daughters per young bull. In situations with greater accuracy of prior EBV, high trait heritability and prior EBV were available for 2,000 bulls; the results were similar for both approaches, independent of family size. However, in a situation with low accuracy of prior EBV and low trait heritability it could be observed that with increasing penalty on the average relationship, correction for relationship in stage 1 yielded in a similar genetic level compared with selecting only for high prior EBV. If the number of bulls with prior EBV increased from 2,000 to 4,000, an increasing penalty on an average relationship gave an improved genetic level. A further improvement of the results with respect to genetic level and average relationship could be observed by increasing the penalty on an average relationship in selection step 1 above that in selection step 2. Overall, this study showed that it is beneficial to use a penalty on an average relationship already for the selection of bulls that enter the progeny test. In case optimum contribution was applied with a constraint on the average relationship in stage 2, this constraint may be translated into a penalty on the average relationship, and the current results suggested that the optimal penalty in selection stage 1 should be twice that of stage 2.
INTRODUCTION
During the past decade selection methods have been developed that are able to manage the rate of inbreeding and simultaneously maximize the genetic gain (Wray and Goddard, 1994; Meuwissen, 1997; Grundy et al., 1998) . Wray and Goddard (1994) penalized average relationships among the selected parents to reduce inbreeding, whereas Meuwissen (1997) and Grundy et al. (1998) restricted the increase of the average relationship to restrict the rate of inbreeding to a predefined value. These selection methods are known as optimum contribution selection, and Sonesson et al. (2000) showed that optimum contribution selection is also possible with overlapping generations, which is important (e.g., for dairy and beef cattle or pig breeding programs).
Up until today only a few studies (Avendaño et al., 2003; Colleau et al., 2004; Kearney et al., 2004; Hinrichs et al., 2006) reported about the implementation of optimum contribution selection in practical breeding programs; however, all these studies concluded that optimized selection should be used for the management of inbreeding in practical breeding programs. Nevertheless, further research is needed (e.g., fitting optimized selection to breeding schemes with multiple stage selection). When applying 2 selection stages in combination with optimum contribution selection, selection at the second stage can directly follow optimum contribution selection theory. The selection at stage 1 should also ac-count for the relationships of the selected animals, but how to optimally perform this selection is largely unknown. Meuwissen and Goddard (1997) considered this situation and found that it was not optimal to select solely for EBV in stage 1, and when ignoring correlations between prior EBV, found weights for the average relationship in stage 1. However, Meuwissen and Goddard (1997) used the same cost factor for all analysis, whereas in this study several different cost factors were analyzed. Another difference is that different cost factors in different selection steps were analyzed.
The simultaneous optimization of both selection stages while restricting the rate of inbreeding is a complicated problem. Our aim here is to optimize the simpler problem where inbreeding is restricted by putting a penalty on the inbreeding. Thus, we compared different approaches of penalized relationship between the selected animals in multistage selection schemes. As an example we consider the case where dairy bulls are preselected before entering a progeny testing scheme. At first a penalty on the average relationship, as described by Wray and Goddard (1994) , was used only for the selection after the progeny test (i.e., the progeny-tested bulls were simply the bulls with the highest prior EBV). Thereafter, a penalty on the average relationship was used to select the bulls for the progeny test, and the same penalty was used for the selection after the progeny test. Finally, different penalties were used for the 2 selection steps. All results were compared after 1 round of selection with respect to the average relationship of the finally selected bulls and the average genetic level.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because no animals were used.
Simulated Breeding Schemes
The simulated breeding schemes considered the situation where P 1 out of N young bulls are to be preselected for progeny testing because there are only P 1 places in the progeny test. The EBV of the young bulls (e.g., bull i) are denoted by û 1i and have the following properties: 1) because the young bulls have no individual information, û 1i simply represents the average EBV of their parents; and 2) because the parents are heavily selected, the û 1i values are assumed to come from a truncated normal distribution denoted TN(μ,V;p), where μ is the mean, V is the variance, and p is the selected fraction. The simulations consisted of 3 parts: 1) the simulation of N prior EBV (û 1i ) sampled from TN(0,1-PEV 1 ;p), where PEV1 is the prediction error variance of the prior EBV and the total genetic variance is assumed 1; 2) preselection of P 1 progeny testing candidates; and 3) simulation of postprogeny test EBV, û 2i , where the progeny test was based on 100 daughters per young bull. All results are based on 100 replicated simulations. Different methods, which will be described later, were compared on the same data sets (i.e., the same sets of prior EBV), such that a method could not be favored because it had a better set of prior EBV due to sampling.
Methods and Situations
Three different methods for applying a penalty on relationship were compared for 2 different situations with respect to the accuracy of the prior EBV (0.5 vs. 0.25) and the heritability of the trait (0.25 vs. 0.1), as shown in Table 1 . In the TC (truncation in stage 1; cost on the average relationship in stage 2) method, only a penalty on relationship was used for the selection after the progeny test (i.e., the 50 bulls with the highest prior EBV were selected for further progeny testing). Method CC uses the same penalty on the average relationship in both selection steps. Method C 1 C 2 uses different penalties for selection step 1 (C 1 ) than for selection step 2 (C 2 ).
Simulation of Prior EBV Data Sets and Preselection of Bulls for the Progeny Test
The first step was the simulation of several data sets containing the prior EBV of the selection candidates for the first selection stage. Therefore, prior EBV were simulated for 2,000 and 4,000 bulls and 200 or 400 bulls were selected as potential candidates for further progeny testing. We assumed a full-sib family size of 5 or 10 and that the families were unrelated. It was assumed that there was no own performance or progeny data available on the young bulls, so prior EBV consisted of the parent average and all members of a family had the same prior EBV. Thus, only family means were simulated from the truncated normal and family means were assumed uncorrelated. All members of a family obtained the same prior EBV, which was equal to the family mean.
The pedigree information of the young bulls will yield breeding value estimates û 1i with an accuracy of r 1i for animal i [i.e., û 1i~T N(0,r 1i 2 ;p)]. Sampling of n x values from TN(0,r 1i 2 ;p) was by sampling n x /p values from N(0,V) and selecting the top n x values. Because pedigree indices, û 1i , are identical for full sibs, only one û 1i value was sampled per family, and all full sibs have the same û 1i , n x = N/n fs , where n = 200 or 400 and n fs = 5 or 10. This resulted in substantial off-diagonal elements in the prediction error covariance matrix of û 1i (PEV 1 ).
Selection of Young Bulls for the Progeny Test
After simulating the data sets 50 young bulls were selected for further progeny testing and allocated 100 test-offspring each. In this study 3 different approaches were used to select animals for further progeny testing: method TC simply selected the 50 best bulls based on û 1i ; method CC also selected the bulls with the greatest û 1i but used a penalty on the average relationship of the selected young bulls. In method TC, the 50 progenytested young bulls came from 5 or 10 full-sib families (with 10 or 5, bulls per family, respectively). In the case of method CC, the penalty on the average relationship was the same as that used in the second selection stage, i.e., the selection of the proven bulls, where a penalty (k) on the average relationship of the selected bulls ( ) A was used. Method C 1 C 2 uses greater penalties for the selection of bulls in stage 1.
Simulation of EBV After Progeny Testing
For the progeny test, at first we need to simulate true breeding values, u, and the re-estimated breeding values after the progeny test, û 2 . The re-estimated EBV, û 2 , has a prediction error (co)variance matrix PEV 2 . We sampled u and û 2i from the following distribution:
It will be assumed that young bulls came from full-sib families and that û 1 is based on pedigree information only. Then the true mean of a full-sib family i is sampled from the distribution u fi ~N(û 1(ij) ; PEV (ij)(ij) -1/2 σ 2 u ), where ij denotes animal j in family i. It should be noted that all members of family i have the same û 1(ij) . Then the true breeding value of animal j is sampled from u ij ~N(u fi ; 1/2 σ 2 u ). Estimates for û 2 were obtained from a reduced animal model (Quaas and Pollak, 1980) . In a reduced animal model, the number of equations is equal to the number of bulls per family plus 2 equations for their parents. When setting up the equations of a reduced animal model, only the mean production of the progeny is needed instead of individual records of the progeny. The simulated data consist of simulated progeny means and some parental records, such that the mean EBV of both parents equals û 1(ij) with an accuracy of r pi = (2r 2 1(ij) ) 1/2 . Following Wray and Goddard (1994) and Brisbane and Gibson (1994) , a penalty (k) will be put on the average relationship ( ) A between selected animals in stage 2 in case of method TC, method CC, and method C 1 C 2 . In the case of method CC and method C 1 C 2 a penalty on the average relationship was already applied for the first selection step.
Our overall objective will be to maximize genetic gain with a penalty on inbreeding, because inbreeding reduces the future genetic variance and thus selection response and may cause inbreeding depression. The penalty on inbreeding is implemented by putting a penalty on the average relationship, k, of the selected sires. Thus, the following objective functions are maximized (Wray and Goddard, 1994) : G 1 = s'û 1 /P 1 -ks'As/P 1 2 for stage 1 in method CC and C 1 C 2 ; G 2 = s'û 2 /P 2 -ks'As/P 2 2 for stage 2 in all methods, where s = a vector indicating whether the animal is selected or not (s i = 1 or 0, respectively), û 1 = the prior EBV, û 2 = the re-estimated EBV during the progeny test, P 2 = the number of finally selected animals, A = a relationship matrix between the animals, and k = the penalty on the average relationship, and an average relationship is calculated as s'As/P 2 . The iterative algorithm of Wray and Goddard (1994) was used to maximize these penalized objectives.
RESULTS
The results of 2 different penalties on the average relationship approaches are shown in Tables 2, 3 , 4, 5, 6, and 7. Tables 2 and 3 summarize the results when prior EBV are available for 2,000 animals with a family size of 5 or 10 animals per family and when the best 10% are assumed as potential candidates for further progeny testing. Generally differences between the methods were small in situation Hih 2 (Table 2) , except those with a family size of 10 and assuming a penalty on an average relationship of 1.50. However, in a situation with low heritability (Loh
2
; Table 3 ) we can see that with increasing penalty on the average relationship, the CC method gives a greater genetic level compared with method TC.
For the analyses shown in Tables 4 and 5 , we assumed that prior EBV are available for 4,000 animals. All other assumptions are the same as described above. The results are similar to those shown in Tables 2 and  3 ; however, in Table 4 and Table 5 we can see that with increasing penalties on the average relationship the CC method gave much better results with respect to average relationship. Tables 6 and 7 shows the results when the best 5% are potential candidates for further progeny testing (i.e., the preselection criterion was more stringent for these analyses). Also with this relatively stringent preselection we could observe that with increasing penalties on the average relationship between the selected animals the CC method resulted in greater genetic level than the TC method.
The results in Tables 2 to 7 suggest that it is beneficial to use a penalty on the average relationship already in the preselection step and that after the progeny test this yields a decreased average relationship between the selected animals, greater or similar genetic levels, and a reduced probability of selecting full sibs. In addition our results showed that the superiority of method CC over method TC increased with a reduced accuracy of the prior EBV for a trait with low heritability and with a greater penalty on the average relationship. TC is equal to truncation selection in selection step 1 and penalty on average relationship in selection step 2; CC uses the same penalty on average relationship in selection steps 1 and 2. Presented values of the average relationship and genetic level based on 100 replicates. All SE were <0.01.
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TC is equal to truncation selection in selection step 1 and penalty on the average relationship in selection step 2; CC uses the same penalty on the average relationship in selection steps 1 and 2.
The results presented in Tables 2 to 7 are based on analysis in which the penalty on the average relationship was equal in both selection steps. However, there is no guarantee that it is optimal to use the same penalty on the average relationship in both selection steps. Therefore, in a further analysis we used different penalties on the average relationship in the first selection step. Therefore, we started with the results presented in Table 4 , assuming a high heritability (Hih 2 ), and Table 6 (situation Loh 2 ), and then we increased the penalty on the average relationship in the first selection step (i.e., the selection of the bulls for the progeny test). Based on the greatest penalty on the average relationship in Tables 4 and 6 , we increased the penalty on the average relationship in the first selection step until this penalty was twice as high as the penalty in the progeny test. Table 8 summaries the effect of a greater penalty on the average relationship for situation Hih 2 , and Table 9 presents the same for situation Loh 2 . The genetic level could be increased by increasing the penalty in step 1 above the penalty in step 2, as shown in Table 9 . We also tested a decreased penalty on the average relationship during the first selection step, but this did not improve the results and therefore these results are not presented here.
DISCUSSION
During the past decade selection methods have been developed that are able to manage the rate of inbreeding and maximize genetic gain at the same time (Wray and Goddard, 1994; Meuwissen, 1997; Grundy et al., 1998; Meuwissen and Sonesson, 1998) . Today these selection methods are known as optimum contribution selection, and over the past years commercial breeding organizations have shown an increased interest in optimum contribution selection. However, there are still some unsolved problems (e.g., the use of optimum contribution selection in breeding programs with intensive progeny testing or in breeding programs with multistage selection). Kinghorn et al. (2008) suggested finding optimal contributions for 2 stages simultaneously in a single analysis. Kinghorn (2011) implemented multistage selection in a simultaneous analysis that accommodates relationships between the age classes.
In this paper, different approaches using a penalty on the average relationship were compared for breed- Presented values of the average relationship and genetic level based on 100 replicates. All SE were <0.01.
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TC is equal to truncation selection in selection step 1 and penalty on the average relationship in selection step 2; CC uses the same penalty on the average relationship in selection steps 1 and 2. During the progeny test in all analyses, the penalty on the average relationship was 3.0.
ing programs, which are based on progeny testing. The situation assumed for this study could be seen as a selection with 2 steps. The first step was the selection of animals for the progeny test, and the second step was the selection after the progeny test. Our first approach (method TC) was to select the animals with the highest prior EBV for further progeny testing and then using a penalty on the average relationship between selected animals, which was also done by Meuwissen and Goddard (1997) . We compared this with an alternative approach (method CC). Here we used the same penalty on the average relationship in both selection steps (i.e., in the selection of animals for the progeny test and in the progeny test itself). We found that this leads to a decreased average relationship between the selected animals after the progeny test and that the genetic level of these animals were similar or greater compared with method TC (see Tables 2 to 7 ). In addition our method CC also decreases the probability of selecting full sibs. However, for the use of method CC the penalty on the average relationship have to exceed a certain value because otherwise we are still progeny testing the animals with the highest prior EBV and then both methods gave the same results.
One important point is the amount of prior information, which is available for the potential progeny test candidates. Here we used pedigree EBV because it could be expected that these EBV are available for most commercial breeding programs. However, in the future more and more prior information will be available for potential progeny test candidates and therefore relationship between animals should not be neglected because several studies reported dramatically increasing rates of inbreeding and inbreeding coefficients (Smith et al., 1998; Thompson et al., 2000; Sewalem et al., 2006) . The penalty approach presented in this paper could be used to manage the relationship between the selection candidates. The results presented in Tables 2 to 7 showed that it is possible to decrease the relationship between the selected animals with a similar or greater genetic level at the same time.
The penalties on the average relationships were chosen rather arbitrarily in this study. In real life, this penalty depends on i) the economic loss due to the reduction of the genetic variance due to inbreeding and thus a reduced future selection response; and ii) reduced performance of future generations of animals due to inbreeding depression. The net present values of these future economic losses depend on the time horizon used and the discount rate of future losses to current value. Wray and Goddard (1994) show how to perform these calculations in detail.
Another important question is how the results of this study could be used to implement a restriction on inbreeding instead of a penalty on the average relationship. Explicit restriction of the rate of inbreeding was considered outside the scope of the current study. One option to restrict the rate of inbreeding might be to take the penalty from the final selection stage, which may be derived from the algorithm with an inbreeding restriction, and double this penalty for the first selection stage in the next generation (i.e., because Tables 8  and 9 suggest that this yields optimum results).
Overall, this study showed that it is useful to use a penalty on the average relationship already in the selection for the progeny test because this decreases the average relationship between the selected animals and increases the genetic level of these animals compared with a situation in which a penalty on the average relationship was used only in the progeny test. The superiority of method CC increased when the families are larger and the trait of interest has a low heritability. However, traits with low heritabilities (e.g., health and fertility traits) will be the most important traits in the future, and therefore the method presented in this paper should be used to manage the average relationship between the selected animals. Presented values of the average relationship and genetic level based on 100 replicates. All SE were <0.01.
